Full cycle simulations of KAUST optical diesel engine were conducted in order to provide insights into the details of fuel spray, mixing, and combustion characteristics at different start of injection (SOI) conditions. Although optical diagnostics provide valuable information, the high fidelity simulations with matched parametric conditions improve fundamental understanding of relevant physical and chemical processes by accessing additional observables such as the local mixture distribution, intermediate species concentrations, and detailed chemical reaction rates. Commercial software, CONVERGE™, was used as the main simulation tool, with the Reynolds averaged Navier-Stokes (RANS) turbulence model and the multi-zone (SAGE) combustion model to compute the chemical reaction terms. SOI is varied from late compression ignition (CI) to early partially premixed combustion (PPC) conditions. The simulation results revealed a stronger correlation between fuel injection timing and combustion phasing for late SOI conditions, whereas the combustion phasing starts to decouple from SOI for early SOI cases. The predictions are consistent with the experimental observations, in terms of the overall trends in combustion and emission characteristics, while the high fidelity simulations provided further insights into the effects of mixture stratifications resulting from different SOI conditions.
Introduction
Diesel engines are widely used for light and heavy duty transportation applications, in favor of their higher thermal efficiency [1, 2] . On the other hand, tradeoff between particulate [3, 4] and NO X emission is a major challenge [5] . Over the years, emission regulations have become stringent and the need to reduce emissions without compromising efficiency is essential. Since the design of diesel engines has evolved into a standardized form, development of new engine concepts with different thermodynamic cycles or new geometries is not feasible for commercial production in the immediate future. Therefore, researchers are investigating new combustion concepts within the existing hardware to simultaneously reduce NO X and soot emission and to improve engine performance [6, 7] . In particular, different combustion modes can be explored, such as homogeneous charge compression ignition (HCCI), partially premixed combustion (PPC), and compression ignition (CI), by varying the fuel injection timings.
All advanced combustion strategies are based on controlling the local equivalence ratio and flame temperature, which have a significant effect on combustion and emission performances [8] . While HCCI is a low temperature combustion (LTC) concept that reduces the flame temperature by enhancing premixing, precise control of ignition and combustion phasing is a significant challenge [9, 10] . As an improvement, PPC has recently been investigated as a means to improve the combustion control by introducing stratification into nearly homogeneous combustion [11, 12] . This is achieved by advancing the start of injection (SOI) to a proper level, increasing the exhaust gas recirculation (EGR) rate and increasing intake air temperature. SOI for PPC is in between those at CI and HCCI conditions, so that the mixture is partially premixed before combustion. To prevent premature auto-ignition at early SOI, fuels with high research octane number (RON) is considered as an enabler to achieve PPC in conventional CI engine, although PPC with diesel fuel has been realized by Toyota and Nissan by utilizing UNIBUS [13] and modulated kinetics (MK) [14] technique.
Optical engine provide details about the combustion behavior of fuels, which can be utilized to understand turbulence, combustion and species formation inside the engine. In-cylinder optical diagnostics can also be used to investigate fuel spray atomization prior to combustion process in CI engine. Recently, optical diesel engines have been investigated for PPC applications [10, 11, 12, 15, 16, 17] . Based on the natural luminosity of images or from OH chemiluminisence, in-cylinder combustion behavior for PPC is reported [18, 19, 20, 21] .
A recent study reports that using primary reference fuels to explore PPC is beneficial because the reduced chemical kinetic mechanism with limited number of species and reactions facilitate computation modeling [22] . When using PRF55 in optical diesel engine, longer ignition delay and premixing ensured PPC and combustion control was achieved by dilution of intake air with EGR [21] . A recent study reported the separation of SOI from combustion phasing at early fuel injection conditions [21] , along with the finding that an increased level of stratified combustion at late SOI. While optical engine studies provide valuable information about PPC engine characteristics, the diagnostic techniques are limited to some specific observables. To this end, high fidelity simulations with matched engine geometry and boundary conditions can provide further insights by revealing detailed spatial and temporal behavior of quantities that cannot be measured experimentally.
The present study focuses on simulation of stratified combustion in an optical diesel engine using three dimensional CFD code, CONVERGE™. Physical properties of diesel were incorporated to the code and the gas phase chemical kinetics was represented using n-heptane comprehensive combustion chemistry. In the experimental study, PPC was achieved by advancing the fuel injection timing from late to early injections and a clear distinction between different combustion regimes were identified at a low load and an engine speed of 1200 rpm. These cases (T in = 35°C and O 2 = 20.7%) were simulated for diesel at various SOI conditions and compared with experimental results.
It will be shown by the simulation study that below a certain SOI level the combustion phasing is separated from SOI, consistent with the experimental findings that CA50 reaches a minimum value as SOI was advanced. The in-cylinder pressure, rate of heat release, NOx and soot emissions were compared with the experimental data. Temperature, equivalence ratio and OH mass fraction contours obtained from simulation provide more insights and explains PPC condition in detail. The numerical results were investigated in detail in order to substantiate the experimental results and provide improved understanding.
Experimental Set Up
AVL single cylinder optical diesel engine with chamber volume of 551 cc was used for the experimental study. The schematic of the optical diesel engine with camera and other accessories used in the experiments is shown in Figure 1(a) . The piston bowl made up of quartz provides the optical access inside the cylinder and high speed video is captured through a mirror from the bottom of piston. A high speed video of combustion process is recorded using photron FASTCAM SA4 color camera. The video is captured at 10,000 frames per second with pixel resolution of 768 x 512 and aperture for lens is 1.4. The start of injection, injection pressure and valve timing are controlled by engine control unit (ECU) known as AVL FI2RE. A piezoelectric pressure transducer mounted on cylinder head is used to measure the cylinder pressure with a sensitivity of 20pC/bar. The recorded in-cylinder pressure data was later used to derive rate of heat release and CA50.
Computational Methodology
Numerical simulations were performed using three-dimensional computational fluid dynamics (CFD) code, CONVERGE™, which has been commonly used for engine applications. Finite volume method was used to discretize the conservation equations in the physical space [23] . The CAD geometry generated for the current study is shown in Figure 1 (b) and the mesh generated in-situ is shown in Figure 1 (c). The initial base grid is generated with a size of 4mm in all three directions. Adaptive mesh refinement (AMR) technique was used to refine the grid locally based on the absolute value of temperature gradient (5K) between the neighboring cells. The AMR of level 5 (minimum cell size = dx/2 (level) ) refines the cells to a minimum size of 0.125 mm. A grid-independent solution is obtained for 0.125 mm grid size.
A fixed embedding of level 5 was used during the spray injection to capture the spray events with higher resolution. The flow inside the nozzle is not considered in this simulation. The experimental motored cycle was simulated to match the compression ratio to account for the blow by and obtain the initial and boundary conditions for the fired simulations. Simulation was performed by utilizing spray, turbulence, combustion and heat loss model to obtain a detailed understanding of the combustion and emission behavior of CI engine operated on diesel fuel. The spray breakup is represented by Kelvin Helmholtz/ Rayleigh Taylor (KH-RT) model [24, 25] that breaks up liquid core to larger droplets and then into smaller droplets. Evaporation of the droplets is governed through mass conservation equations, also it is assumed that the droplets always posses spherical shape and uniform temperature throughout the droplet. Recirculation inside the droplets is accounted by Abramzon model [26] . Effective liquid-air diffusivity is calculated utilizing Newton-Raphson method. A square injection rate shape profile was assumed for all simulation cases.
Reynolds averaged Navier-Stokes (RANS) turbulence is used to describe in-cylinder turbulent flow field. Turbulence inside the cylinder is represented using the renormalized group k-epsilon model developed by Han and coworkers [27] . Heat loss model by Reitz and coworkers [28] was used to account for the heat loss through the cylinder walls. Gas phase chemical kinetics is solved with multi-zone SAGE model [29] , which groups the cells into zones based on equivalence ratio and temperature bins of 0.05 and 5K. More details about the models used can be found in CONVERGE manual [30] . 
Experimental and Numerical Simulation Conditions
Experiments were performed in AVL optical diesel engine and the detailed specifications are shown in Table 1 . It is a single cylinder engine that has an optical piston and high speed images are captured from the bottom using a mirror. The engine operates at a speed of 1200 rpm and pressure at TDC is kept at 35 bar. The intake air temperature is maintained at 35°C and 6 mg of fuel is injected to produce IMEP at around 3 bar (low load condition). While SOI is swept from late to early fuel injection timing, the fuel injection pressure was maintained at 800 bar. The engine operating conditions were provided as input parameters to numerical simulation (Table 1) . Simulation was performed to understand mixing, combustion and emission behavior of diesel fuel at different SOI. Physical properties of diesel fuel were incorporated to the code and the gas phase kinetics was represented using n-heptane chemical kinetic mechanism developed by Valeri et al. [31] with 40 species and 165 reactions. Figure 2 shows the comparison of the experimental and simulated in-cylinder pressure trace and the rate of heat release. Good qualitative and quantitative agreement is found for a range of SOI conditions. The simulated rate of heat release slightly over predicts the experimental results and SOC is comparable between experimental and numerical results. The level of agreement justifies the use of the simulation results to understand the corresponding experimental data. Note that there is small peak in heat release before the main premixed heat release at early SOI. At late injection conditions (-10 CAD aTDC and -5 CAD aTDC), however, such a secondary peak is not evident and a conventional stratified CI combustion behavior is observed. This difference is attributed to the fact that the diesel exhibits low temperature combustion characteristics at early SOI. In particular, when SOI is advanced more than -20 CAD (aTDC), the first stage heat release peak is observed as a result of low temperature chemistry. The numerical simulation successfully captured this phenomenon, confirming the validity of the chemical kinetic mechanism used in the model.
Results and Discussion
To further examine this behavior, the high-speed images of the combustion process from the experiments and simulations at early and late injections are shown in Figure 3 . It is seen that as SOI is advanced, premixing is increased and this is the evidence of low temperature combustion pointed out from the numerical study herein. This is also in consistent with the high speed combustion images captured experimentally, wherein mixture becomes uniform as SOI is advanced. The decreased luminosity of images is an indication of increased premixing and turns out to be partially premixed combustion (PPC). In case of late injection timings, a clearly defined combustion cloud is discernable and the color of the images changes from blue to yellow. This stratified combustion regime represents typical CI condition in a diesel engine. The simulations qualitatively show the similar trend observed in the experiments for both early and late injection cases. 
Combustion Phasing
The combustion phasing is analyzed mainly in terms of CA50, defined as the crank angle at which 50% of heat is released. Figure 4 shows CA50 as a function of SOI, for both simulation and experimental results. The numerical prediction captures the behavior observed in the engine experiments, in that there exists a minimum CA50 as the SOI is varied from -30 to -5 CAD aTDC. While none of the SOI cases under considerations approaches HCCI limit, there appears to be an "optimal" SOI at which richer mixture pockets are formed at SOC. At earlier SOIs, the early spray, evaporation and mixing dilutes the mixture pockets prior to the start of combustion. For later SOIs, the spray does not have sufficient time to evaporate to create rich mixture pocket. It is observed that CA50 decreases from CI condition (-10 CAD aTDC) and then reverses at PPC condition (20 CAD aTDC). Thus, during late injections (CI condition), there is a link between combustion phasing and SOI; however, combustion phasing begins to decouple with SOI during early injections (PPC condition).
Equivalence Ratio Distribution
To further substantiate CA50 behavior, the equivalence ratio (φ) distribution inside the cylinder was analyzed. Figure 5 show the volume-rendered equivalence ratio iso-contours at the start of combustion (SOC) for each condition. SOC was defined as the crank angle at which OH formation is initiated. The corresponding CAD at SOC is shown in Figure 5 . While SOI of-30 CAD aTDC case shows highly non-uniform mixture field at SOC, implying that it is still far from HCCI condition, the later SOI cases (e.g. -10 and -15 CAD aTDC) clearly exhibit pronounced richer mixture pockets at SOC. In other words, comparing SOI of-30 and -15 CAD aTDC cases, while the overall large scale mixture fields are similar (created by the spray patterns), most of the richer mixture pockets are vanished for SOI of -30 CAD case by SOC, resulting in a slower start of combustion. Figure 6 shows the probability density function (pdf) with respect to equivalence ratio, in order to provide a clear understanding of the nature of the mixture distribution. For all SOI, the pdf distribution can hardly be called that of a uniform mixture. However, the key difference is the amount of richer mixture pockets, shown in the inset of Figure 6 , where non-monotonic behavior of rich mixtures is clearly seen as SOI varies from -30 to -5 CAD, peaking at -15 CAD. 
Local Temperature Distribution
Next, the local temperature distribution is investigated to identify the combustion characteristics variation in response to SOI. Figure 7 shows the comparison of temperature, equivalence ratio, and OH mass fraction iso-contours at CA50 for different SOI conditions. For early SOI of -30 CAD aTDC, the equivalence ratio field shows much more uniform mixture. Due to early injection, the fuel enters the squish region such that combustion and heat release events are widely distributed, as indicated by the temperature and OH iso-contours. For SOI of -25 and -20 CAD aTDC, the local temperature of the auto-ignited mixture is higher and combustion is initiated at the bowl, although some amount of fuel enters the squish region and burns at later times after SOC. For SOI at -15 CAD aTDC and later, fuel is completely contained inside the bowl. Again, local rich fuel pockets trigger ignition and the resulting temperature is higher, as seen from Figure 7 . Examination of a single spray plume also revealed that no flame-liftoff was observed, which is a typical characteristic of diesel combustion at late injections. Figure 8 shows vertical cross-sections of the cylinder at CA50 for various SOI conditions. While it was not clear from Figure 6 , it is now evident that combustion and heat release zones are the largest at SOI of -20 CAD aTDC, which explains why CA50 occurs at the earliest CAD for this case. At later SOI conditions, the combustion pockets are intense but their size becomes smaller, indicating that the late injection produced only a limited amount of fuel vapor ready for combustion. Figure 9 shows the scatter plots of temperature and equivalence ratio, colored by OH mass fraction at SOC, in order to investigate the mixture conditions at ignition. It is clearly seen that the mixture equivalent ratio at ignition becomes higher for a later SOI. Moreover, a larger amount of points with higher level of OH is seen for SOI at -20 CAD aTDC, implying that this condition provides the most reactive mixture (0.9 < φ < 1.2) at SOC, thus resulting in early SOC.
Ignition Location for Various Modes of Combustion

Emission Characteristics
Zeldovich NOx model and Hiroyasu soot model [32] was used to calculate the emissions from the simulations quantitatively. Figure 10 shows the comparison of total NOx and soot emissions with experimental results as a function of SOI. The emission predictions from simulations were able to reproduce the experimental trends reasonably. The values of soot are very low from simulations, so an alternative analysis was conducted as discussed later. Figure 11 shows T-φ diagram indicating the most probable ranges of soot and NOx formation [33] , in which the scatter plot was overlaid indicating that all SOI cases have tendency to produce more NOx, since they operate at the equivalence ratio range below 2. The scatter plot is colored with OH to indicate the location of combustion in T-φ space, implying that NOx production is active in that condition. Among the different cases, SOI of -15 CAD case produced maximum Soot emissions for the present operating conditions are expected to be minimal as no data point was observed in soot development regime. However, since diesel is well known for its emission characteristics, the sooting propensity is further discussed in terms of a precursor species, such as acetylene (C 2 H 2 ). Spatial examination of the concentration of C2H2 at CA10, CA50 and CA90 in Figure 12 revealed that the amount of acetylene inside the cylinder is rather small. The in-cylinder location of acetylene formation is displayed in Figure 12 . Later injection cases show more enhanced formation of acetylene. Combustion in the squish region at early injection cases can potentially lead to increased soot formation.
The late SOI's tends to produce higher C 2 H 2 when compared with other SOI's. The total available mixing time between SOI to SOC determines the amount of acetylene formed during the entire combustion cycle.
Next the formation of CO is investigated. Figure 13 shows that the in-cylinder CO production is higher for early SOI's at CA10, CA50 and CA90, which reduces for later SOIs. CO formation is promoted in early injection case of -30 CAD owing to better in-cylinder mixing, which has also been reported in previous studies. As the SOI is retarded, the formation of CO is reduced and is mainly found in spray plume. Stronger formation of CO is revealed for early SOI cases. The very late injection case of -5 CAD shows an increase of CO and change in the trend due to the mixing time available between SOI and SOC. The mixture is well mixed when compared to other late injection cases. Overall, CO decreases as the mixing time increases. Later injection cases result in reduced CO formation when compared to early injection cases as shown in Figure 14 . Figure 14 . Total CO production during the entire combustion cycle Figure 15 . Total CO2 production during the entire combustion cycle.
Regarding CO 2 , its concentration first increases for later injection cases, but decreases for the very late injection case of -5 CAD. Increased pre-mixing turns the combustion lean to affect the combustion and resulted in less CO 2 emissions, which can be seen from Figure 15 . As the time available for mixing decreases, CO 2 emission increases.
Conclusions
Simulation of the KAUST optical engine was performed using CONVERGE™ and results of spray, combustion and emission behavior of diesel operating at CI and PPC were discussed in detail.
1. Different SOI was considered while the total amount of the injected fuel mass was fixed. Early SOI of -30 and -25 CAD resulted in fuel entering the squish region, whereas later SOI cases led to the entire amount of the injected fuel contained inside the piston bowl. Combustion in the squish region is undesirable due to lower temperature of the combustible air-fuel mixture reducing the combustion efficiency. PPC operation of the engine leads to mixing-controlled combustion of diesel. The in-cylinder equivalence ratio distribution varies from 0.6 to 1.5, moving from lean to rich equivalence ratio as SOI is delayed.
2. The simulations yielded consistent behavior with experimental observations in that there exists a minimum CA50 throughout the SOI sweep from -30 to -5 CAD. Detailed investigation of temperature and mixture distribution indicated that SOI of -20 to -15 CAD resulted in the largest amount of the optimal mixture pockets at 0.9 < φ < 1.2. SOI earlier than this condition resulted in too lean mixtures, while later SOI resulted in limited amount of mixture pockets that are too rich. The simulations clearly demonstrated that SOI and SOC are separated for PPC conditions, unlike conventional CI case.
3. Ignition location of the mixture was identified using scatter plot of T-φ in reaction space. Early SOI of -30 CAD exhibited a very lean mixture and ignition location was found to be at a equivalence ratio range of 0.8, also fuel in the squish region ignited first, followed by ignition in piston bowl. Intermediate SOI's resulted in φ near stoichiometry and ignition was triggered near stoichiometry. Later injection cases resulted in mixing with richer pockets, which were able to trigger ignition and advance SOC, ignition location inside the cylinder was always triggered inside the bowl for the intermediate and later injection cases.
4. Scatter plot of T-φ reaction phase when overlaid with soot-NOx regimes indicates that no data point was found at soot regime. High temperature and lean mixture conditions below φ range of 1.5 indicate that many cells fell into the high temperature NOx regime. NOx production was found to increase for later SOIs due to higher flame temperature. Acetylene concentration was monitored as a key soot precursor species to further investigate the soot formation inside the cylinder. It was found that a considerable amount of acetylene was found at all SOIs, indicating that qualitative assessment using soot-NOx regime should not be used for low PPC engines. CO production was found to be higher for early injection case due to better mixing obtained due to the time available, whereas the later injection cases resulted in less CO formation.
Optical engine was simulated to understand the low level emissions from low compression ratio diesel engine. Detailed particulate soot model will be employed in future to better understand the soot formation process inside the diesel engine. Methods to improve the efficiency and reduce emission will be investigated with diesel and other drop-in fuels for diesel in CI mode.
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